The present study experimentally investigated the effect of the simulated doublehorn glaze ice on the rotor blades on the vortex structures in the wake of a horizontal axis wind turbine by using the Stereoscopic Particle Image Velocimetry (Stereo-PIV) technique. Based on the "free-run" measurements, it was found that because of the simulated double-horn glaze ice, the shape, vorticity, and trajectory of tip vortices were changed significantly and less kinetic energy of the airflow could be harvested by the wind turbine. In addition, the "phase-locked" results indicated that the presence of simulated double-horn glaze ice resulted in the increase of both root and tip vortex gaps.
INTRODUCTION
Ice accretion on wind turbines, particularly turbine blades, can be detrimental to turbine performance, durability, and the safety of those in the vicinity of operating iced turbines.
Over the years, many researchers have conducted studies on the wind turbine icing [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] . In general, three kinds of icing may occur under different conditions, which are in-cloud icing, precipitation icing, and frost. In-cloud icing happens when supercooled droplets impact and freeze on a surface. Super-cooled droplets appear in clouds ________________________ with ambient temperatures of -20 to -35°C [2] . Hard rime, soft rime, or glaze may accrete on the surface, depending on the temperature and size of the droplets [3] . Rime is generated when supercooled droplets impact the surface and the thermal energy released is removed fast enough by wind and radiation such that no liquid water is present on the surface. Rime ice is white, and breaks off more easily than glaze. Glaze is formed when the thermal energy released during droplet surface impact is not removed as fast as it is for rime, and some portion of the droplets remain as liquid water. Glaze is a solid cover of clear ice with a higher density and is significantly more difficult to remove than rime [4, 5] . Moreover, glaze is characterized by the presence of larger protuberances, commonly known as glaze horns [6, 7] .
Even though extensive researches have been conducted on the effect of icing on the aerodynamic performance of wind turbines in previous studies [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] , to the authors' best knowledge, the effect of double-horn glaze ice on the vortex structures in the wake of a wind turbine has not yet been experimentally investigated. However, a further investigation on this matter would not only improve our understanding about the unsteady aerodynamics pertinent to the icing phenomena of the wind turbines, but be desirable for engineers to design more reasonable wind farms as well. In the present study, Stereoscopic Particle Image Velocimetry (Stereo-PIV) technique was used to investigate the effect of simulated double-horn glaze ice on the rotor blades on the vortex structures in the wake of the horizontal axis wind turbine models. During the experiments, both "free-run" and "phase-locked" Stereo-PIV measurements were carried out.
EXPERIMENTS

Wind turbine model
Two horizontal axis three-bladed wind turbine models were used in the present study, the primary design parameters of which were the same, such as blade radius, turbine nacelle height, and supporting pole diameter, etc. The only difference between these two models was that one model had no ice simulation on its rotor blades while the other model had simulated double-horn glaze ice. The wind turbine blades (including the simulated ice) and nacelle were fabricated through a 3D printer (P110, EOS) and the material was Nylon (PA2200). An electric generator was installed inside the turbine nacelle and its power cables were fixed to the supporting pole by using insulation tapes. A schematic of the wind turbine models is shown in Fig. 1 and the details of the model geometries are listed in Table I . For the wind turbine models, NACA 4412 was chosen to be the airfoil and the effective angle of attack was set to 4.0°. The tapered blades had a chord length of 10 mm at tip, 15.33 mm in the middle, and 18 mm at 25% span. From the hub to 25% span, the blade profile was modified in order to improve the structural rigidity. The blades were also twisted with the pitch angle ranging from 31.4° at 25% span to 10° at the tip of the blades. The pitch angle at different radial positions was determined by assuming that the speed of the incoming airflow at the rotor disk was 2/3 of the free stream airspeed based on the Betz Law [14] . As for the wind turbine model with ice simulation, a double-horn glaze ice was attached on the upper surface of the airfoil. The double-horn glaze ice was placed on the upper surface of the airfoil and its distance with the leading edge was 5% of the chord length c. It was actually a combination of a semi-circle and a rectangle, where k was used to describe the height of the entire ice and w was used to represent the diameter of the semi-circle and the width of the rectangle. In the present study, k and w was set to be 0.075c and 0.0375c, respectively. 
Experimental setup
In the present study, a closed-circuit low-speed wind tunnel located at Tongji University was used to perform the experimental investigations. The wind tunnel has a test section of 1.2 m long, 0.5 m wide, and 0.5 m high, optically transparent side walls, and a capability of producing a maximum wind speed of 35.0 m/s at the test section. The standard deviation of velocity fluctuations of the air flow at a speed of 6.4 m/s at the test section is about 0.14%, as measured by a hotwire anemometer. Figure 3 shows the schematic of the experimental setup used in the present study for the Stereo-PIV measurements. A wind turbine model was placed on the bottom surface of the test section of the wind tunnel. A high resolution Stereo-PIV system (2D3C, Dantec Dynamics) was used to achieve detailed flow field measurements to quantify the characteristics of the turbulent vortex flow in the wake of the wind turbine model. The flow was seeded with ~1 μm oil droplets. A double-pulsed Nd:YAG laser generated laser pulses of 200 mJ at a wavelength of 532 nm. The time interval of the two successive laser pulses was set to be 70 µs. The laser beam was shaped into a sheet by spherical and cylindrical lenses, and a set of mirrors. The thickness of the laser sheet in the measurement region is about 1.0 mm. Two 14 bit (2048×2048 pixels) CCD cameras were used for Stereo-PIV image acquisition. In the present study, the distance between the illuminating laser sheet and image recording planes of the CCD cameras was about 105 cm, and the angle between the view axes of the two cameras was about 37 degrees. A Digital Delay Generator (575, BNC) was used to synchronize the CCD cameras and the Nd: YAG laser to let them function appropriately. A stroboscope was used to detect the position of a pre-marked rotor blade at different rotation phase angles in order to perform the "phase-locked" Stereo-PIV measurements. The stroboscope probe would generate a pulsed signal as the premarked rotor blade passed through the laser beam from the stroboscope probe. The pulsed signal was then used as the input signal to the digital delay generator to trigger the Stereo-PIV system for the "phase-locked" Stereo-PIV measurements. The Stereo-PIV images were stored in a computer and then converted into vector maps using commercial software DynamicStudio v3.41 from Dantec Dynamics using a final interrogation window of 32x32 pixels with 50% overlap. The calibration was performed using a pin-hole based model followed by the Dantec self-calibration tool set. The measurement uncertainty level for the velocity vectors and vorticity was estimated to be within 1% and 3% of the obtained results, respectively. 
RESULTS AND DISCUSSION
During the experiments, the relative humidity, temperature, and pressure of the surrounding air were kept at 55.0%, 24.0°C, and 757.0 mmHg, respectively. The speed of the air flow in the test section of the closed-circuit low-speed wind tunnel was set at 6.4m/s. The corresponding chord Reynolds number (i.e., Re=V 0 c/ν, where ν is the kinematic viscosity of the incoming air flow, c is the averaged chord length of the rotor blades, and V 0 is the free stream wind speed) was calculated to be 5707. For the normal wind turbine, it rotated at a speed of 2650±15 rpm. The corresponding tip speed ratio (i.e., λ=ΩR/V 0 , where Ω is the angular speed of rotation, R is the radius of the rotor blades, and V 0 is the free stream wind speed) was found to be 3.25±0.018. Due to the presence of the simulated double-horn glaze ice, the rotation speed of iced wind turbine model was significantly reduced to 930±12 rpm, which corresponded to a tip speed ratio of 1.13±0.014. Due to the limitation of space, only results of the double-horn glaze ice wind turbine were presented in this paper. The interested readers can refer to the reference [13] for the normal wind turbine results. For the "free-run" measurements, the image acquisition rate was pre-selected at 4.0 Hz which was not a harmonic frequency of the rotating frequency of the turbine rotor blades. The "free-run" results of the double-horn glaze ice wind turbine case are shown in Fig. 4 . As can be seen, Fig. 4a demonstrates the instantaneous vorticity field and streamline results. The tip vortices were mixed with other vortices and were very difficult to be discriminated based on the instantaneous results. Fig. 4b shows that the magnitude of vorticity of the iced wind turbine case was much smaller than that of the normal wind turbine case. Besides, due to the simulated double-horn glaze ice (Fig.  4c) , the U velocity in the region where 0.5R<Y<1.0R appeared to be larger that of the normal wind turbine case, which implied less kinetic energy of the airflow could be harvested by the iced wind turbine. In addition, the presence of the simulated doublehorn glaze ice could exert apparent influences on the negative W region (Fig. 4d) . Based on the "phase-locked" Stereo-PIV measurement results, the vorticity distributions of iced wind turbine models at different phase angles are shown in Fig. 5 . In the present study, TV and RV were used to represent tip vortex and root vortex, respectively. As can be seen, the distances between the two successive tip vortices and two root vortices were larger than those of the normal wind turbine case. Besides, as expected, the increase of the phase angle resulted in the movement of the tip and root vortices towards the downstream direction. Table II shows the locations of the center of the tip and root vortices of the ensemble-averaged vorticity fields at different phase angles (θ=0º, 30º, 60º, 90º) of the double-horn glaze ice wind turbine case. The average distance of the two successive tip vortices and two successive root vortices was found to be 1.60R, and 1.13R, respectively. Besides, the tip vortices were found to appear in the region where 0.99R<Y<1.10R, while the root vortices formed in the area where 0.12R<Y<0.25R. Table III demonstrates the vortex core intensities of the tip and root vortices at different phase angles (θ=0º, 30º, 60º, 90º) of the double-horn glaze ice wind turbine case. Due to the limitation of the measurement plane, the tip vortices (TV#0 and TV #1) and the root vortices (RV#1 and RV #2) could only be detected at some cases. 
CONCLUSIONS
In the present study, we experimentally investigated the effect of the simulated double-horn glaze ice on the rotor blades on the vortex structures in the wake of a horizontal axis wind turbine by using the Stereoscopic Particle Image Velocimetry (Stereo-PIV) technique. During the experiments, both "free-run" and "phase-locked" Stereo-PIV measurements were carried out. Based on the "free-run" measurements, it was found that because of the simulated double-horn glaze ice, the shape, vorticity, and trajectory of tip vortices were changed significantly and less kinetic energy of the airflow could be harvested by the wind turbine. In addition, the "phase-locked" results indicated that the presence of simulated double-horn glaze ice resulted in the increase of both root and tip vortex gaps.
